Abstract-Carbon and titanium plasmas are used to investigate the effects of duct bias on the plasma transport through the magnetic duct of a cathodic-arc plasma source as a function of the magnetic-field strength and arc current so as to determine the optimal duct bias, at which the magnetic duct produces the maximum efficiency for plasma transport. The influence of the guiding magnetic field and arc current on the optimal duct bias is investigated. The optimal duct bias increases with the plasma density for carbon plasma, while the relationship is the opposite for the titanium plasma. The carbon-plasma behavior can be explained by a plasma-diffusion model presented in this paper, since the electron-ion collision frequency ei is less than the electron-cyclotron frequency . On the other hand, in a titanium plasma, ei is larger than , so this model is inaccurate. Our result shows that different kinds of plasmas have different transport behavior through the magnetic duct and thus, the duct parameters must be carefully chosen in order to achieve the optimal transport efficiency.
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I. INTRODUCTION

P
LASMA deposition is used for surface modification in many industrial applications. The filtered-cathodic vacuum arc is an increasingly important tool to produce high-quality and dense metallic coatings [1] - [4] . Curved magnetic filters (ducts) are often used in association with cathodic-arc plasma sources to remove neutral macroparticles from the plasma stream. Unfiltered macroparticles can create defects, cause topographical problems, and lower the yield of the deposition-implantation process. As a result, many duct designs have been investigated [5] - [7] .
The most important parameters in designing and operating ducts are the bias voltage and the magnetic strength and configuration. Much of the research [5] , [8] , [9] has shown that magnetic ducts produce the maximum plasma output at certain duct bias, that is, the optimal duct bias. must be carefully selected to optimize the plasma output, and in order to do so, one needs to know how the various instrumental parameters are interrelated and how they influence the optimal bias. Unfortunately, little is known about the mechanism of the optimal duct bias and the factors that affect the optimal duct bias. In the work described here, we investigated the influence of arc current (plasma density) on the optimal duct bias for carbon-plasma and titanium-plasma transport through the duct. A more concise derivation of a plasma-diffusion model described in our previous paper [10] is presented and its applicable range is discussed. This model is verified by experimental results also described in this paper. Our objective is to optimize the duct-transport efficiency for different kinds of plasma transport.
II. EXPERIMENTAL DETAILS
The experimental apparatus used in this study included a magnetic-duct and cathodic-arc plasma source, as shown in Fig. 1 . The cathodic-arc plasma source was composed of a cathode 1 cm in diameter and a grounded anode positioned about 16 mm in front of the cathode. The anode aperture was 56 mm in diameter. The cathodic-arc discharge was operated in a pulsed mode with a frequency of 1 Hz and fed by a 0.3-ms pulse-forming network. The cathodic arc was ignited by a high voltage spark, and carbon and titanium were used as cathodes to produce the plasmas. A curved magnetic filter (duct) was inserted between the plasma source and main chamber to remove macroparticles produced in the cathodic-arc plasma and to perform the biasing experiments. The magnetic duct consisted of a 90 stainless-steel pipe with a minor radius of 40 mm and major radius of 100 mm. It was insulated from the anode and vacuum chamber so that it could be positively or negatively biased. A coil was wrapped around the duct to produce a guiding magnetic field when a direct current was 0093-3813/02$17.00 © 2002 IEEE Fig. 2 . Measured optimal duct bias V versus cathodic-arc current I at 400-G guiding magnetic field.
passed through it. As the distance between the end of the cathodic-arc discharge and the entrance of the coil was only 20 mm, the coil also produced a focusing magnetic field near the cathodic arc. The duct was biased via a capacitor bank of 22 mF. The large capacitance was needed to produce a high duct current during the arc pulse, otherwise the duct potential could change significantly when the cathodic-arc plasma plume passed through it.
A planar-collector plate 26 cm in diameter was positioned about 50 cm from the duct exit in the vacuum chamber to monitor the ion flux transported through the duct. The plate normally faced the duct exit and was negatively biased to 150 V to collect the ion current. The vacuum chamber pressure was about Pa. We monitored the collector-plate current (transported plasma-ion current) as a function of the duct-bias voltage at different guiding magnetic fields and arc currents to determine the optimal duct bias. Thus, the impact of the guiding magnetic field and arc current on the optimal duct bias could be monitored. The arc currents used in this experiment were 50, 100, and 150 A, respectively. The guiding magnetic fields were 100, 200, 300, 400, 500, and 600 G. The cathodic-arc and collected-ion currents were measured by taking their pulse-peak values. Each data point was the average of at least five measurements.
III. RESULTS AND DISCUSSION
Our experiment results show that the optimal duct bias decreases as the guiding magnetic field increases from 100 to 400 G and is almost constant when the guiding magnetic field is changed from 400 to 600 G for both titanium-plasma and carbon-plasma transport. At the optimal duct bias, the plasma output of the magnetic duct goes up as the guiding magnetic field increases. The optimal duct bias mentioned in the following is the steady optimal duct bias, that is, the optimal duct bias under 400-600-G guiding magnetic field. The optimal duct bias increases with cathodic-arc current (plasma density) for carbon plasma and the reverse is observed for titanium plasma (Fig. 2) . Detailed experiments unveiling the interrelationship of the optimal duct bias , cathodic-arc current , guiding magnetic field , and collected-ion current on the collector plate are quite complex and beyond the scope of this paper, and some of the results can be found in the literature [11] , [12] .
The optimal duct bias at a certain magnetic field can be derived from the following equation [10] : (1) where , and are the electric field, net electron density, and ion density in the duct wall sheath at distance of from the duct wall, respectively, is the Debye length in the plasma sheath in the direction perpendicular to the magnetic field lines, is the ion charge state, is the ratio of the electron current to ion current in the cathodic arc, is the electron-Larmor radius, is the electron-ion collision frequency, is the plasma density, and . This equation is correct when the conditions for Bohm diffusion are satisfied; that is, the guiding magnetic field is above a certain value ( G in this work) and the plasma is "collisionless," that is, , where is the electron-cyclotron frequency. The net electron density represents the net electron density after balancing the ion-charge density in the sheath [10] . Another assumption for (1) is that the ions can be treated as unmagnetized. That is, the ion Larmor radius is nearly on the same order of magnitude as the minor radius of the duct. This means that the guiding magnetic field cannot surpass a certain value, for example, 1600 G under typical operating conditions (2) where is ion temperature, and is the vacuum permittivity. The sheath potential is given by [10] (3)
where is the duct bias, and (4) (5) (6) where is net electron density in the sheath. Consequently [10] (7) where (in volts) is the optimal potential difference between the wall and plasma, is the atomic number, and (in m/s) are the ion and electron velocities, respectively, and where is the electron density of the quasi-neutral plasma in m . According to (7) , the optimal duct bias is influenced by the electron temperature, ion velocity, ion mass, ion-charge state, and plasma density. When the arc current varies, the variables include the electron temperature, ion velocity, ion-charge state, and plasma density. The ion-charge state and ion velocity in a cathodic-arc plasma are almost independent of the arc current in the presence of a magnetic field of G [13] - [16] . It is obvious that the plasma density in the duct increases as the arc current increases. Supposing that the change in the plasma Fig. 3 . Optimal duct bias V versus plasma density n as derived from (7); z is the ion-charge state and n is estimated [17] . electron temperature can be neglected when the arc current varies from 50 to 150 A, the only obviously changed variable is the plasma density. (7) indicates that increases with as shown in Fig. 3 . Note that the mean ion-charge state is for a carbon vacuum-arc-produced plasma and about for titanium. The range of in Fig. 3 is estimated according to [17] , which used a similar duct size and arc current to those in this work.
The plasma-density distribution is not uniform in the radial and azimuthal directions of the duct. The outer wall faces a higher density plasma stream and the bias on the outer wall plays a greater role in increasing the plasma-transport efficiency [9] . The value of in (7) should be measured near the outer wall. Because the plasma from the cathodic arc has a forward momentum and is concentrated near the outer wall, the plasma stream near the outer wall should have a density that is greater than the average density in the duct.
Collisions between particles in the plasma result in electron transport across the magnetic field lines. Transverse diffusion of electrons is mainly caused by electron-ion collisions in the vacuum cathodic-arc plasma. When the electron-ion collision frequency is less than the electron-cyclotron frequency in the collisionless regime shown in Fig. 4 , electrons can traverse at least a considerable part of the Larmor circle between two electron-ion collisions on the average. The average electron cross-magnetic-field displacement toward the duct wall is for one electron-ion collision. In this case, the normal electron flux that the plasma can supply is , as shown in (1) . When the electron-ion collision frequency is larger than the electron-cyclotron frequency , that is, the collisional case, electrons traverse only a very small part of Larmor circle between two electron-ion collisions, and the average electron cross-magnetic-field displacement toward the duct wall becomes smaller than for one electron-ion collision. The smaller the ratio, the smaller the cross-magnetic-field displacement of the electron for one electron-ion collision. Hence, becomes smaller than . If is so high as to make decrease significantly, the relationship between and will be reversed and will decrease with . The carbon-plasma behavior exhibited in Fig. 2 can be adequately explained by (7) . On the other hand, the titanium plasma is different in two ways. Firstly, the mass-to-charge ratio of titanium is twice that of carbon and so the titanium plasma has greater inertia when drifting toward the outer wall of the duct. The titanium plasma could have a higher density near the outer wall than the carbon plasma. Secondly, most ions in the titanium cathodic-arc plasma are multiple-charged and the high charge state reduces the ratio (Fig. 4) . This enhances the tendency to reverse the relationship between and as indicated by (7) .
Our experimental and theoretical analysis results show that different kinds of plasmas have different transport behavior through the magnetic duct. Limitations still exist in the model developed in this work and further study is under way to understand the mechanism of the optimal duct bias and thus to improve the plasma-diffusion model that is vital to the design and operation of magnetic ducts.
IV. CONCLUSION
The optimal duct bias increases with the cathodic-arc current (plasma density) for carbon plasma but decreases with the cathodic-arc current for titanium plasma. Our experimental results indicate that the optimal duct bias is related to the plasma density and plasma type. This can be partially explained by a model-on-plasma diffusion described in this article. Our results indicate that the optimal duct bias is related to the electron temperature, ion velocity, ion mass, ion-charge state, and plasma density in the vacuum cathodic-arc plasma. In addition, it is revealed that the optimal duct bias does not have a fixed value but varies depending on the cathode materials and arc current. Hence, the optimal duct bias must be carefully selected when operating a duct-filtered cathodic-arc plasma source with a particular cathode material and arc current in order to attain the highest transport efficiency for the particular plasma being used.
